12 United States Patent

Nakamura et al.

USO011863162B2

US 11,863,162 B2
Jan. 2, 2024

(10) Patent No.:
45) Date of Patent:

(54) FILTER, MULTIPLEXER, RADIO
FREQUENCY FRONT-END CIRCUIT, AND
COMMUNICATION DEVICE

(71) Applicant: Murata Manufacturing Co., Ltd.,

Nagaokakyo (IP)

(72) Inventors: Kentaro Nakamura, Nagaokakyo (JP);

Noriyoshi Ota, Nagaokakyo (JP)
(73) MURATA MANUFACTURING CO.,
LTD., Kyoto (IP)

Assignee:

Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35

U.S.C. 134(b) by 360 days.

Notice:

(%)

(21) 17/463,737

(22)

Appl. No.:

Filed: Sep. 1, 2021

(65) Prior Publication Data

US 2021/0399719 Al Dec. 23, 2021
Related U.S. Application Data

(63) Continuation of application No. PCT/JIP2020/

009636, filed on Mar. 6, 2020.

(30) Foreign Application Priority Data

Mar. 6, 2019  (JP) 2019-040593

(51) Int. CL
HO3H 9/145
HO3H 9/64

(2006.01)
(2006.01)

(Continued)
(52) U.S. CL

CPC .............

HO3H 9/6483 (2013.01); HO3F 3/19
(2013.01); HO3H 9/145 (2013.01); HO3H 9/25
(2013.01);

(Continued)

Field of Classification Search
CPC .......... HO3H 9/6483; HO3H 9/25; HO3H 9/72;
HO3H 9/145; HO3F 2200/451; HO3F 3/19

See application file for complete search history.

(58)

(56) References Cited

U.S. PATENT DOCUMENTS

8,698,578 B2* 4/2014 Nakanishi .......... HO3H 9/14526

333/133

10,153,748 B2 * 12/2018 Tanaka ............... HO3H 9/14594
(Continued)

FOREIGN PATENT DOCUMENTS
EP 3007358 Al * 4/2016 ... HO3H 9/02992
JP 2011-182220 A 9/2011

(Continued)

OTHER PUBLICATIONS

Oflicial Communication i1ssued 1n International Patent Application
No. PCT/JP2020/009636, dated May 26, 2020.

Primary Examiner — Ha1 V Nguyen
(74) Attorney, Agent, or Firm — Keating & Bennett, LLP

(57) ABSTRACT

A filter includes series resonators on a signal path, each of
the series resonator including an IDT electrode that includes
first electrode fingers each including a variant portion,
second electrode fingers each including no variant portion,
or both the first electrode fingers and the second electrode
fingers, 1n the IDT electrode of one or more series resonators
of the series resonators, a direction connecting other-side
end portions of electrode fingers crosses an acoustic wave
propagation direction, the IDT electrode includes the first
clectrode fingers, a first portion of an IDT electrode of
another series resonator centrally located in the acoustic
wave propagation direction, includes only the first electrode
fingers, and a second portion and a third portion on two sides
of the first portion each include only the second electrode
fingers.

20 Claims, 13 Drawing Sheets

P W o W mW rmm PR A mE ay 4E mp m oy Ay R R cmy ot R Ay e A TR g R e ok e e =
IR e R T T T T T M TN PR S MR b br kol o e e g 4 e e e e e e e e e e e etk e amm ==y

r S MUNICATION | _ 2
; i RADOFREQUENCYFRONTEND | (ovm mioN 40
U S :ﬁ N :
; AURDRLEXER R =% |
o * %
1 j‘-l\ﬂ Band 'i-i}{ _{;{,—P-“Grtzz %3 24 ; 3 4 :
w/ \ I ool _;}-* Lo 'H:*. :
: __2i 9 ';,,&..,,..{ L g
* ’ Port21 T 5
1 M\ [ BandiRx iPOrET S i
| EA : , 5
l 12 ert1a . RFIC F—BBIC
' T\ [Band3ix o 13 i g
/o T h 14 ! {
1 ~ : - o )
% . f _z,‘-«'}-wj\c} :
B | e Portll 01 T L 3
[\ ‘ |

LSS AE e o Era Ay o d ' W En EE o o e T m R Em m A b o w1t - CE A W =tdp bk - [ -— - o e e - ek sk - em me e .m om S - - - - et e cm o]
- o w -_— — — — — - - -



US 11,863,162 B2
Page 2

(51) Int. CL
HO3F 3/19
HO3H 9/25
HO3H 9/72

U.S. CL
CPC .........

(52)

(56)

References Cited

U.S. PATENT DOCUMENTS

10,333,487 B2 *
10,469,055 B2 *
10,979,027 B2 *
2006/0208834 Al*
2011/0199163 Al*

2011/0215883 Al
2012/0044027 Al*

6/2019
11/2019
4/2021
9/2006

8/2011

9/2011
2/2012

(2006.01)

(2006.01)

(2006.01)
HO3H 9/72 (2013.01); HO3F 2200/451
(2013.01)
Kishino ............. HO3H 9/14582
Iwamoto ............ HO3H 9/02031
Nosaka ..., HO3F 3/19
Takamine .......... HO3H 9/14588
333/195
Yamanaka ......... HO3H 9/02551
331/158

Fujiwara et al.

Nakanishi .......... HO3H 9/14526
333/133

2016/0261038 Al* 9/2016
2016/0294361 Al 10/2016
2017/0047905 Al1* 2/2017
2017/0222624 Al* 8/2017
2018/0097508 Al* 4/2018
2018/0102755 Al 4/2018
2018/0316333 Al* 11/2018
2019/0123721 Al 4/2019
2021/0006227 Al* 1/2021
2021/0067136 Al* 3/2021
2022/0014171 Al* 1/2022
2022/0416762 Al* 12/2022
2023/0253952 Al* 82023

Tanaka ..................... HO3H 9/64
Yamane et al
Arakt ................. HO3H 9/02535
Kishino ............. HO3H 9/02685
[wamoto .............. HO3H 9/6496
Takamine
Nakamura ............... HO3H 9/54
Takamine
[t v, HO3H 9/64
Fujiwara .............. HO3H 9/6489
Ozasa ................ HO3H 9/02015
Nogucht .................. HO3H 9/25
Iwakt .........oeoviinin, HO3H 9/725
333/186

FOREIGN PATENT DOCUMENTS

WO 2015/098756 Al
WO 2016/208236 Al
WO 2018/003273 Al

* cited by examiner

7/2015
12/201
1/201

-

o0



US 11,863,162 B2

Sheet 1 of 13

Jan. 2, 2024

U.S. Patent

FIG. 1

e B B I el L i, g ol el g TP, R iy e g m et s s S e -y

Y :
o = .
WVA I T H
< oL = “
s SR < W O N e B, ”
G D r{) v 0 !
D nki 3
;
!
| ﬁ _ m
: i !
, % ” “
! T
“
“ # o M
w : )
| “ t
i _ M
3
! # ;
“
i t “
§ {
_ “ u
: {
{
“ )
: \ “
e e v ————
_
ﬁ
.

T W T RS T Ayl oy fefn et wfe Pet e e P wtw Pl wp ek Wi ek e ey deea g, ok g e ik e e

PortlZ

|
_ﬂ.l..r_lrlr_l..lr.-_.r.l...lr.lr_l_...-..l.l_l._l n T P Talffa WP AR Pl AR byt Sl g Tl gy gy SeFf gy )

DUPLEXER
Band3Tx

12
ﬂ"ll

[ N . |

- o W et i sy R el by gl ey’ Sy sk ey claply el bl gy el

iy wiy- by el e el s ww ey e e e e e e, e wea

FIG. 2

£
L A
-
2 ~
.ﬂ..i._
™.
3
<o
R L 3
] i
oy N
............................ %
120 —
et
k®.
3 -
............. A% N
,,,,,,,,,,,,,, “h
oy
'
1111111111111 SRR SRR %
o gt
™
KA
= 0
,,,,,,,,,,,,, S -
% —
,,,,,,,,,,,,,,,,, - R
2 —
)
0O
=
D
;;;;;;;;;;;;;; 13 ™~
........... ~
o

FREQUENCY  (ppy2)



US 11,863,162 B2

Sheet 2 of 13

Jan. 2, 2024

345

.,_,{é 324

326
327

\‘ H"\ -lh
. —

""""

_ X{ACOUSTIC WAVE
“.._ PROPAGATION DIRECTION)

;;;;;
;;;;;

-----

END PORTIONS

2 4 A
- . =
; & -
T
b 1
~

lllll

1 9 = %

- N

4 DIRECTION D CONNEGTING ELECTﬁODE FINGER

326
S 327

lllll
.....

Aﬁ,ﬁwggé
ggﬁ NS
gf/ﬁﬁg

,/ RN
{ ggﬁ?ﬁzﬁﬁf S PRI e
R U AR %m s HW
N i 5 A
2

-
it

1 %&g SN ARCRRERNY AN ...ﬂa

mm 3 .ﬂgﬁﬁ.ﬁﬁﬁg X

iiiii

»
1_!
R My gyt N gl iy’ el gl Gplly gl gl Rgagl
M e e e '

VA.J @ﬂﬁ. ?ﬁ/gﬁﬁ.ﬁ?ﬁz‘%

aﬂﬁ »ﬁ Ty éwma
m DRSS B SNARRSSRRN gﬁﬁd@ N “.m ._u..ﬂ.
28! ?ﬁﬁ,ﬂﬁ%ﬂ, P S SFA
W%ﬁ.ﬂwﬁgﬁfgﬁf N 1
\\ EETTEETEETT Y bZ %m oA

L}
&
[ ]
\ J'-,; ¥ ;‘l-l
W L
i wew PR W W

;;;;;

h.,3 ER NSRS X

rrrrr

%
b
‘pply pgel b aels P by g
= O m g . =

gﬁéﬁnﬁ% HB o ]
ATy S

ggﬁgﬁ,ﬁ@

F.l - L] 1

.~ >
a1
i._.r . ) .
‘x:}l..!.l!iql.. L i _1-_._. ...__“...__._“.r..._q.-i Hn
....-..- .__._____.._..
f ! h.

. & &
L I ,

U.S. Patent

FIG. 3

FIG. 4




U.S. Patent Jan. 2, 2024 Sheet 3 of 13 US 11,863,162 B2

EQ_ TS ‘ﬁma:mg ﬁamﬁ.m
,'t\' ‘\ RN -
“\é\\ AR RN SARAN R RN

t N

N
[\-§ \m\ﬂ \m‘m\'ﬂm ?%

""-.-.-

k “
%\ mmwm%*m g )
h, \ i 10
1\\ AN &.m\mm .
";r *n-.."‘\ § (D
L? g i ‘Q\WW = T
@ s :\ o
— A A ey s
Ul ¥ s Y ex e
wmmmm
Mmmm @ 00 SR o
oo =% AN R NN R rr?’-;
1o }j wmmm N ;’3 "\
_g‘}ﬁ __ﬂ____ﬁ""""' *&mm ﬂ‘_s‘:i‘ e e e e e e e e e e o o
P S umm%m RN
B3¢ B 1 e, (X
NJ 2l & mmmmm\ -
, : jﬁ
3 (I:J-;:\ § NN mm\mmmm\ L - é}'}%ﬁﬁ_ﬁﬂ_
' H St N, RN
o Mvmmmw 'am&\ m‘“‘w‘- SR
et '
e A %mw mmmmmm\@ T ub SSERTIENSENEY ;
m .... m !
ASTTIUITTIERNY AW g (8 memm
O mmm‘m T ' - z !
o/ TEEEEEEihEE Y~ / : ONSENENNANNEY {
JEENNNANNEE 20N RN RN "
30 Mmmmw Nj
j R R TR RN ] :
m -
CES \mﬁmﬁm DRt usnos J ssasns e i
J AN { <
"n. L . \"-.
N \mmmw.&wa ﬁ 10
ﬁ_ ARRRRERRRE I AN NS AR
b N : ’ L
y AR SEBNBICINNEANRASY
N ;
fgi\;““ SEANAAN Y BRGAIRAN Y
N
; A A AR NN RS
t\\\“:'-, N NN ““\
N e '
SO RSB RE NA R LR



U.S. Patent Jan. 2, 2024 Sheet 4 of 13 US 11,863,162 B2

FIG. 6
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FIG. 9A
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FILTER, MULTIPLEXER, RADIO
FREQUENCY FRONT-END CIRCUIT, AND
COMMUNICATION DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority to Japanese
Patent Application No. 2019-040593 filed on Mar. 6, 2019
and 1s a Continuation application of PCT Application No.
PCT/IP2020/009636 filed on Mar. 6, 2020. The entire con-

tents of each application are hereby incorporated herein by
reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to filters, multiplexers, radio
frequency front-end circuits, and communication devices.

2. Description of the Related Art

In general, 1t 1s known that a transverse mode 1s sup-
pressed by using a slanted IDT electrode portion, which 1s an
IDT electrode portion whose electrode finger intersecting
portion 1s formed at an angle with respect to the acoustic
wave propagation direction.

This slanted IDT electrode portion is particularly effective
when applied to an acoustic wave device in which a high
acoustic velocity film, a low acoustic velocity film, a piezo-
clectric film, and an IDT electrode are stacked on a support
substrate in this order. This 1s because, although the acoustic
wave device including the foregoing multilayer substrate
cnables an increased Q {factor, transverse mode ripples
appear due to frequency characteristics thereof.

On the other hand, in such a slanted IDT electrode
portion, standing waves are formed 1n gap portions located
between opposing busbars or between opposing oflset elec-
trode fingers, and this causes ripples near a resonant Ire-
quency. In view of the above, a technique has been proposed
to reduce the ripples near a resonant frequency by further
providing a variant portion, which projects toward the
acoustic wave propagation direction, on a top portion of an
clectrode finger (for example, see International Publication
No. 2015/098756). An electrode finger having the variant
portion on the top portion thereot 1s referred to as a variant
finger 1n the present specification.

In a resonator 1in which the vanant fingers are used as
clectrode fingers of the slanted IDT electrode portion, 1t
becomes possible to suppress the ripples near a resonant
frequency. However, the variant finger causes ripples near an
anti-resonant frequency.

In a multiplexer including a plurality of filters, the ripples
formed near an anti-resonant Irequency of a resonator
included 1n one filter may sometimes be located 1n a pass
band of another filter. In that case, the ripples formed near
an anti-resonant frequency of a resonator included in one of
the plurality of filters may causes a degradation in the
characteristics of a pass band of another filter.

SUMMARY OF THE INVENTION

Preferred embodiments of the present invention provide
filters that each reduce or prevent both ripples near a
resonant frequency and ripples near an anti-resonant ire-
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2

quency, and further provide multiplexers, radio frequency
front-end circuits, and communication devices, each of
which include such a filter.

A filter according to a preferred embodiment of the
present invention includes a pair of input/output terminals;
and one or more series resonators on a signal path connect-
ing the pair of input/output terminals, wherein each of the
one or more series resonators includes an IDT electrode
including a pair of comb-shaped electrodes on a substrate
including a piezoelectric layer, each of the pair of comb-
shaped electrodes included in each of the one or more series
resonators 1ncludes a plurality of electrode fingers extending
in a direction orthogonal or substantially orthogonal to an
acoustic wave propagation direction, and a busbar electrode
connecting one-side end portions of respective ones of the
plurality of electrode fingers, the IDT electrode of each of
the one or more series resonators mcludes a first electrode
finger, a second electrode finger, or both of the first electrode
finger and the second electrode finger, the first electrode
finger having a wider electrode finger width at an another-
side end portion thereof than an electrode finger width at a
center portion thereof, the second electrode finger having a
narrower or equal electrode finger width at an another-side
end portion thereof than an electrode finger width at a center
portion thereof, the one or more series resonators include
one or more first series resonators, 1n the IDT electrode of
each of the one or more first series resonators, a direction
connecting the another-side end portions of respective ones
of the plurality of electrode fingers crosses the acoustic wave
propagation direction, and a {first portion of the IDT elec-
trode of each of the one or more first series resonators
includes only the first electrode fingers, and a second portion
and a third portion include only the second electrode fingers,
the first portion being centrally located 1n the acoustic wave
propagation direction, the second portion and the third
portion being located on two sides of the first portion 1n the
acoustic wave propagation direction.

In filters according to preferred embodiments of the
present invention, the first electrode fingers (variant fingers)
and the second electrode fingers (fingers including no vari-
ant portion) are provided in a mixed manner in the IDT
clectrode of the first series resonator. This reduces or pre-
vents both the ripples near an anti-resonant frequency that
are likely to increase in the case where the first electrode
finger 1s used for all of the electrode fingers and the ripples
near a resonant frequency that are likely to increase 1n the
case where the second electrode finger 1s used for all of the
clectrode fingers. As a result, 1t 1s possible to provide filters
that each reduce or prevent both ripples near a resonant
frequency and ripples near an anti-resonant frequency.

The above and other elements, features, steps, character-
istics and advantages of the present invention will become
more apparent from the following detailed description of the

preferred embodiments with reference to the attached draw-
ngs.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a configuration diagram of a quadplexer accord-
ing to a first preferred embodiment of the present invention.

FIG. 2 1s a diagram 1illustrating frequency bands assigned
to Band 1 and Band 3.

FIG. 3 1s a circuit configuration diagram of a filter
according to the first preferred embodiment of the present
invention.
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FIG. 4 1s a plan view and a cross-sectional view sche-
matically illustrating a resonator according to the first pre-

ferred embodiment of the present invention.

FIGS. 5A and 5B are plan views of an IDT electrode of
a series resonator 1 a filter according to a reference
example.

FIG. 6 1s a graph 1illustrating the band pass characteristic
and the 1solation characteristic of a quadplexer that uses the
filter according to the reference example.

FIG. 7A 1s an enlarged graph illustrating the 1solation
characteristics ol quadplexers that use filters according to
reference examples.

FIG. 7B 1s an enlarged graph 1llustrating the energy losses
of quadplexers that use filters according to reference
examples.

FIG. 8A 15 a plan view 1illustrating an exemplary arrange-
ment of a first electrode finger and a second electrode finger
in an IDT electrode of a filter according to a working
example of a preferred embodiment of the present invention.

FIG. 8B 1s a plan view illustrating another exemplary
arrangement of the first electrode finger and the second
clectrode finger 1n the IDT electrode of the filter according
to the working example of a preferred embodiment of the
present invention.

FIG. 8C 1s a plan view illustrating another exemplary
arrangement of the first electrode finger and the second
clectrode finger 1n the IDT electrode of the filter according
to the working example of a preferred embodiment of the
present mvention.

FIG. 9A 1s a graph 1llustrating the band pass characteris-
tics of quadplexers that use filters according to working
examples ol a preferred embodiment of the present inven-
tion alongside those of reference examples.

FI1G. 9B 1s a graph 1llustrating the 1solation characteristics
of quadplexers that use filters according to the working
examples of a preferred embodiment of the present inven-
tion alongside those of the reference examples.

FIG. 9C 1s a graph illustrating the energy losses of
quadplexers that use filters according to the working
examples ol a preferred embodiment of the present inven-
tion alongside those of the reference examples.

FIG. 10 1s a circuit configuration diagram of a filter
according to a modified example of the first preferred
embodiment of the present invention.

FIG. 11 1s a configuration diagram of a radio frequency
front-end circuit according to a second preferred embodi-
ment of the present invention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

Hereinafter, preferred embodiments of the present inven-
tion will be described in detail using working examples and
the drawings. Note that the preferred embodiments, which
will be described below, each illustrate a comprehensive or
specific example. Numeric values, shapes, materials, ele-
ments, arrangements and connection configurations of the
clements, and the like 1llustrated 1n the following preferred
embodiments are mere examples, and not mtended to limat
the present invention. Of elements 1n the following preferred
embodiments, the elements that are not described in an
independent claim will be described as optional elements.
Further, sizes or ratios of the sizes of elements 1llustrated in
the drawings are not necessarily exact. Further, in the
drawings, the same reference characters denote the same or
substantially the same elements, and in some cases an
overlapping description 1s omitted or simplified. Further, 1n
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4

the following preferred embodiments, the term “connect™
means not only the case of direct connection, but also the
case where an electrical connection i1s established with
another element or the like interposed therebetween.

First Preterred Embodiment

In the description of the present preferred embodiment, a
quadplexer 1s used as an example of a multiplexer.
1. Basic Configuration of Multiplexer

FIG. 1 1s a configuration diagram of a quadplexer 1
according to the present preferred embodiment. Note that
FIG. 1 also illustrates an antenna 2 that 1s connected to a
common terminal Portl of the quadplexer 1.

The quadplexer 1 1s a multiplexer (demultiplexer) that
includes a plurality of filters each having different pass band

(here, for example, four filters 11, 12, 21, and 22) and 1n

which the plurality of filters are bundled together at the
common terminal Portl.

Specifically, as illustrated 1n FIG. 1, the quadplexer 1

includes the common terminal Portl, four individual termi-

nals Portll, Portl2, Port21, and Port22, and the four filters
11, 12, 21, and 22.

The common terminal Portl 1s provided in common for
the four filters 11, 12, 21, and 22 and 1s connected to these
filters 11, 12, 21, and 22 1in the inside of the quadplexer 1.

Further, the common terminal Portl 1s connected to the
antenna 2 at the outside of the quadplexer 1. That 1s, the
common terminal Portl i1s also an antenna terminal of the
quadplexer 1.

The individual terminals Portll, Portl2, Port21, and
Port22 are respectively provided for the four filters 11, 12,
21, and 22 1n this order, and are connected to the corre-
sponding filters 1n the inside of the quadplexer 1. Further, on
the outside of the quadplexer 1, the individual terminals
Portll, Portl12, Port21, and Port22 are connected to a RF
signal processing circuit (for example, an RFIC: Radio
Frequency Integrated circuit, not illustrated) via amplifier
circuits or the like (not illustrated).

The filter 11 1s provided on a path connecting the common
terminal Portl and the individual terminal Port11, and in the
present preferred embodiment, 1s a reception filter whose
pass band 1s, for example, a downlink frequency band
(reception band) in Band 3 of LTE (Long Term Evolution).
In the present preferred embodiment, the filter 11 corre-
sponds to a second {filter on a second path connecting the
common terminal Portl and a second terminal (here, the
individual terminal Port1l).

The filter 12 1s provided on a path connecting the common
terminal Port1 and the individual terminal Port12, and 1n the
present preferred embodiment, 1s a transmission filter whose
pass band 1s, for example, an uplink frequency band (trans-
mission band) in Band 3 of LTE. In the present preferred
embodiment, the filter 12 corresponds to a first filter on a
first path connecting the common terminal Portl and a first
terminal (here, the individual terminal Port12).

The filter 21 1s provided on a path connecting the common
terminal Portl and the individual terminal Port21, and in the
present preferred embodiment, 1s, for example, a reception
filter whose pass band 1s a downlink frequency band (recep-
tion band) 1n Band 1 of LTE.

The filter 22 1s provided on a path connecting the common
terminal Port1 and the individual terminal Port22, and 1n the
present preferred embodiment, 1s, for example, a transmis-
sion filter whose pass band 1s an uplink frequency band
(transmission band) in Band 1 of LTE.
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The filter 11 and the filter 12 define an unbalanced
duplexer 10 whose pass band 1s, for example, Band 3 of
L'TE. Further, the filter 21 and the filter 22 define an
unbalanced duplexer 20 whose pass band 1s, for example,
Band 1 of LTE. That 1s, the quadplexer 1 according to the
present preferred embodiment has a configuration such that
the common terminal Portl 1s used as a common terminal
(antenna terminal) of the duplexer 10 whose pass band 1s
Band 3 of LTE and as a common terminal (antenna terminal)
of the duplexer 20 whose pass band 1s Band 1 of LTE. In the
present preferred embodiment, a signal path that passes the
duplexer 10 and a signal path that passes the duplexer 20 are
connected at a node N. That 1s, the node N i1s a point that
bundles these two signal paths.

The frequency bands assigned to Band 1 and Band 3 of
LTE, which are pass bands of the quadplexer 1 according to
the present preferred embodiment, are now described. Note
that hereinbelow, with regard to the range of a frequency
band, the numerical range greater than or equal to A and less
than or equal to B 1s expressed 1n a simplified term, such as
A to B.

FIG. 2 1s a diagram 1llustrating frequency bands assigned
to Band 1 and Band 3. Note that hereinafter, in some cases,
“Band of LTE” may be simply described as “Band”, and the
reception band (Rx) and the transmission band (Tx) may be
described 1n a simplified term such as, for example, “Band
1Rx band™ for the reception band (Rx) of Band 1, by using
the name of Band and letters indicating the reception band
or the transmission band attached to the end of the name of
Band.

As 1llustrated 1n FIG. 2, for example, in Band 1, about
1920 MHz to about 1980 MHz 1s assigned to the transmis-
sion band, and about 2110 MHz to about 2170 MHz 1is
assigned to the reception band. In Band 3, about 1710 MHz
to about 1785 MHz 1s assigned to the transmission band, and
about 1805 MHz to about 1880 MHz i1s assigned to the
reception band. Accordingly, as filter characteristics of the
filters 11, 12, 21, and 22, characteristics indicated by the
solid lines of FIG. 2, which allow the transmission band or
the reception band of the corresponding Band to pass and
attenuate the other bands, are desirable.

As described above, the quadplexer 1 includes the filter 12
on the low frequency side (first filter) and the filter 11 on the
high frequency side (second filter) whose pass band 1s higher
in frequency than the filter 12. Further, the quadplexer 1
includes the duplexer 10 including two filters (1n the present
preferred embodiment, the filters 11 and 12) which includes
the filter 12 and the duplexer 20 including two filters (in the
present preferred embodiment, the filters 21 and 22) which
includes the filter 22.

Note that the pass bands of these two duplexers 10 and 20
are not limited to the combination of Band 3 and Band 1 and
may be, for example, a combination of Band 25 and Band
66, a combination of Band 3 and Band 7, or the like. Further,
in the quadplexer 1, an impedance element, such as an
impedance matching inductor or the like, for example, may
be connected 1n or to one of paths connecting the respective
filters 11, 12, 21, and 22 to the node N or a path connecting
the node N to the common terminal Portl or the like.

2. Basic Configuration of Filter

Next, the basic configuration of each of the filters 11, 12,
21, and 21 1s described using the basic configuration of the
filter 12 (first filter) whose pass band 1s Band 3Tx as an
example.
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6

FIG. 3 1s a circuit configuration diagram of the filter 12.
As 1llustrated 1n FIG. 3, the filter 12 includes series reso-
nators S1 to S4, parallel resonators P1 to P4, and inductors
L1 to L3.

The series resonators S1 to S4 are connected in series
from the individual terminal Portl2 side in this order on a
signal path (series arm) connecting the common terminal
Portl and the individual terminal Portl2. Further, the par-
allel resonators P1 to P4 are connected 1n parallel to each
other on paths (parallel arms) connecting respective con-
necting points between the individual terminal Portl2 and
the series resonators S1 to S4 to a reference terminal
(ground). Specifically, the parallel resonator P1 1s connected
to the reference terminal via the inductor L1, the parallel
resonators P2 and P3 are connected to the reference terminal
via the inductor L2, and the parallel resonator P4 1s con-
nected to the reference terminal via the inductor L3. Because
of the foregoing connection configuration of the series
resonators S1 to S4 and the parallel resonators P1 to P4, the
filter 12 defines a ladder band pass filter.

As described above, the filter 12 (first filter) has a ladder
filter structure that includes two or more series resonators (1n
the present preferred embodiment, for example, four series
resonators S1 to S4) on a signal path and one or more
parallel resonators (1n the present preferred embodiment, for
example, four parallel resonators P1 to P4) each on a path
connecting the signal path and the reference terminal
(ground).

Note that each of the numbers of the series resonators and
the parallel resonators of the filter 12 1s not limited to four.
The number of the series resonators may be any number
greater than or equal to two, and the number of the parallel
resonators may be any number greater than or equal to one.

Further, the parallel resonators P1 to P4 may be directly
connected to the reference terminal without the inductors L1
to L3 interposed therebetween. Further, impedance elements
such as, for example, an inductor, a capacitor, and the like
may be inserted 1 or connected to the series arm or the
parallel arm.

Further, 1n FIG. 3, a common terminal 1s used for the
reference terminal (ground) to which the parallel resonator
P2 and P3 are both connected, and individual terminals are
used for the reference terminals to which the parallel reso-
nator P1 and P4 are connected, respectively. However, the
reference terminal defining and functioning as the common
terminal and the reference terminal defining and functioning
as the individual terminal are not limited to the above and
may be arbitrary selected depending on constraints of the
mounting layout of the filter 12.

Further, a parallel resonator may be connected to a
common terminal Portl side node of the series resonator S4,
which 1s the resonator closest to the common terminal Portl
in the series resonators S1 to S4 defining a ladder filter
structure. Further, the parallel resonator P1 connected to an
individual terminal Portl2 side node of the series resonator
S1, which 1s the closest to the individual terminal Portl2,
may be omitted.

3. Basic Structure of Resonator

Next, the basic structure of each resonator (series reso-
nator and parallel resonator) of the filter 12 (first filter) 1s
described. In the present preferred embodiment, the resona-
tor 1s a surface acoustic wave (SAW) resonator, for example.

Note that the configurations of the other filters 11, 21, and
22 are not limited to the configuration described above and
may be arbitrary designed depending on desired filter char-
acteristics and the like. Specifically, the filters 11, 21, and 22
may not have a ladder filter structure and may have, for
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example, a longitudinally coupled filter structure. Further,
each of the resonators of the filters 11, 21, and 22 1s not
limited to a SAW resonator and may alternatively be a bulk
acoustic wave (BAW) resonator, for example. Furthermore,
the filters 11, 21, and 22 may be configured without using
any resonator and may alternatively be, for example, a LC
resonant filter or a dielectric filter.

FIG. 4 1s a plan view and a cross-sectional view sche-
matically 1llustrating a resonator of the filter 12 according to
the present preferred embodiment. In FIG. 4, as an exem-
plification of a plurality of resonators of the filter 12, a
schematic plan view and schematic cross-sectional views
illustrating the structure of the series resonator S1 are
shown. Note that the series resonator S1 1llustrated 1n FIG.
4 1s provided for illustrating a typical structure of the
plurality of resonators, and the number, the length, and the
like of the electrode fingers of the electrode are not limited
to the ones 1llustrated 1n FIG. 4. Further, although 1t 1s not
illustrated in FIG. 4, the electrode finger may alternatively
be a vanant finger including a variant portion on a top
portion thereof.

As 1llustrated in the plan view of FIG. 4, the series
resonator S1 1ncludes a pair of comb-shaped electrodes 324
and 326 facing each other and reflectors 32¢ along an
acoustic wave propagation direction for the pair of comb-
shaped electrodes 32a and 32b6. The pair of comb-shaped
clectrodes 32a and 32H define an IDT (InterDigital T

rans-
ducer) electrode. Note that depending on constraints of the
mounting layout or the like, one of the pair of the reflectors
32¢ may not need to be provided.

The comb-shaped electrode 32a includes a plurality of
clectrode fingers 322a and a plurality of offset electrode
fingers 323a, which are parallel to each other and arranged
in a comb shape, and a busbar electrode 321a that connects
one-side end portions of respective ones of the plurality of
clectrode fingers 322a and one-side end portions of respec-
tive ones of the plurality of ofiset electrode fingers 323a.
Further, the comb-shaped electrode 3256 1s formed from a
plurality of electrode fingers 3226 and a plurality of oflset
clectrode fingers 3235, which are parallel or substantially
parallel to each other and have a comb shape, and a busbar
clectrode 3215 that connects one-side end portions of
respective ones of the plurality of electrode fingers 3226 and
one-side end portions of respective ones of the plurality of
oflset electrode fingers 323b. The pluralities of electrode
fingers 322a and 3225b and the plurahtles of offset electrode
fingers 323a and 3235 extend 1n an orthogonal or substan-
tially orthogonal direction to the acoustic wave propagation
direction (X-axis direction). Further, the electrode finger
322a and the offset electrode finger 3235 face each other 1n
the orthogonal or substantially orthogonal direction, and the
clectrode finger 3226 and the ofiset electrode finger 323a
tace each other in the orthogonal or substantially orthogonal
direction.

Here, a direction D connecting the other-side end portions
of respective ones of the plurality of electrode fingers 322a
(end portions of respective ones of the plurality of electrode
fingers 322a that are not connected to the busbar electrode
321a) crosses the acoustic wave propagation direction
(X-axis direction) at a predetermined angle. Further, the
direction D connecting the other-side end portions of respec-
tive ones of the plurality of electrode fingers 3226 (end
portions of the plurality of electrode fingers 3225 that are not
connected to the busbar electrode 3215) crosses the acoustic
wave propagation direction (X-axis direction) at the prede-
termined angle. According to this shape, each of the IDT
clectrodes of the series resonators S1 to S4 and the parallel
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resonators P1 to P4 1s a slanted IDT in which the acoustic
wave propagation direction crosses a direction along which
the plurality of electrode fingers are lined up.

In a one-port resonator that utilizes surface acoustic
waves and 1includes a piezoelectric layer, there may be a case
where transverse mode ripples are produced between a
resonant frequency and an anti-resonant frequency and a
transmission characteristic 1 a pass band degrades. In the
filter 12 according to the present preferred embodiment, to
counteract such 1ssue, the slanted IDT 1s provided as an IDT
clectrode of each resonator.

The pair of the reflectors 32¢ are provided along the
direction D with respect to the pair of the comb-shaped
clectrodes 32a and 325b. Specifically, the pair of the reflectors
32¢ sandwich the pair of the comb-shaped electrodes 32a
and 326 1n the direction D. Each reflector 32¢ includes a
plurality of retlector electrode fingers 1n parallel or substan-
tially 1n parallel to each other and reflector busbar electrodes
that connect the plurality of reflector electrode fingers. The
pair of the reflectors 32¢ configured such that the reflector
busbar electrodes are aligned 1n the direction D.

The pair of the reflectors 32¢ confine a standing wave of
an acoustic wave to be propagated without leaking to the
outside of the resonator (here, the series resonator S1). This
enables the resonator to propagate a radio frequency signal
in a pass band, which 1s defined by the electrode pitch, the
number of pairs, the intersecting width, and the like of the
pair of the comb-shaped electrodes 32a and 325, with low
loss and to highly attenuate a radio frequency signal in the
outside of the pass band.

Further, the IDT electrode including the plurality of the
clectrode fingers 322a and 3225, the plurality of the offset
clectrode fingers 323a and 3235, and the busbar electrodes
321a and 3215 has a multilayer structure including an
adhesive layer 324 and a primary electrode layer 323 as
illustrated 1n the cross-sectional view of FIG. 4. Further, the
cross-sectional structure of the retlector 32¢ 1s the same or
substantially the same as the cross-sectional structure of the
IDT electrode, and thus the description thereof 1s omitted 1n
the following description.

The adhesive layer 324 improves adhesiveness between a
piezoelectric layer 327 and the primary electrode layer 325,
and as a material therefor, for example, T1 may be used. The
film thickness of the adhesive layer 324 1s, for example,
about 12 nm.

For the primary electrode layer 325, as a matenial, for
example, Al including 1% of Cu may be used. The film
thickness of the primary electrode layer 325 1s, for example,
about 162 nm.

A protective layer 326 covers the IDT electrode. The
protective layer 326 protects the primary electrode layer 3235
from an external environment, adjusts a frequency-tempera-
ture characteristic, improves moisture resistance perfor-
mance, and the like, and 1s a film whose main component 1s,
for example, silicon dioxide. The film thickness of the
protective layer 326 1s, for example, about 25 nm.

Note that the materials for the adhesive layer 324, the
primary electrode layer 325, and the protective layer 326 are
not limited to the materials described above. Further, the

to have the foregoing multilayer

IDT electrode does not need
structure. The IDT electrode may be made of, for example,
a metal such as Ti, Al, Cu, Pt, Au, Ag, Pd, or the like or an
alloy thereof, or may include a plurality of multilayer bodies
made of the metal or the alloy described above. Further, the
protective layer 326 may not need to be provided.

Such IDT electrode and the retlectors 32¢ are provided on
a principal surface of a substrate 320, which will be
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described in the next section. The multilayer structure of the
substrate 320 1s described below.

As shown in the lower portion of FIG. 4, the substrate 320
includes a high acoustic velocity support substrate 329, a
low acoustic velocity film 328, and the piezoelectric layer
327, and has a structure 1n which the high acoustic velocity
support substrate 329, the low acoustic velocity film 328,
and the piezoelectric layer 327 are stacked on top of each
other 1n this order.

The piezoelectric layer 327 1s a piezoelectric film on a
principal surface of which the IDT electrode and the reflec-
tors 32¢ are provided. For example, the piezoelectric layer
327 1s made of 50° Y-cut X-propagation Li1TaO; piezoelec-
tric single crystal or piezoelectric ceramics (lithium tantalate
single crystal or ceramics that 1s cut at a surface whose
normal line 1s an axis obtained by rotating from the Y axis
by about 50° about the X-axis serving as the center axis,
wherein a surface acoustic wave propagates in the X-axis
direction on this single crystal or ceramics). The thickness of
the piezoelectric layer 327 1s, for example, less than or equal
to about 3.5A where A 1s the wavelength of an acoustic wave
defined by the electrode pitch of the IDT electrode, and 1s
about 600 nm, for example.

The high acoustic velocity support substrate 329 1s a
substrate that supports the low acoustic velocity film 328,
the piezoelectric layer 327, and the IDT electrode. Further
the high acoustic velocity support substrate 329 1s a sub-
strate such that the acoustic velocity of a bulk wave 1n the
high acoustic velocity support substrate 329 1s higher than
the acoustic velocities of an acoustic wave such as a surface
wave or a boundary wave propagating through the piezo-
clectric layer 327, and confines a surface acoustic wave 1n a
portion where the piezoelectric layer 327 and the low
acoustic velocity film 328 are stacked on top of each other
and prevents the surface acoustic wave from leaking down-
ward below the high acoustic velocity support substrate 329.
The high acoustic velocity support substrate 329 1s, for
example, a silicon substrate and has a thickness of, for
example, about 125 um. Note that the high acoustic velocity
support substrate 329 may be made of, for example, any one
of (1) a piezoelectric body such as silicon carbide, silicon,
lithium tantalate, lithtum niobite, crystal, or the like, (2)
various ceramics such as alumina, sapphire, zirconia,
cordierite, mullite, steatite, forsterite, or the like, (3) mag-
nesia or diamond, (4) a material whose main component 1s
one ol the foregoing matenals, and (5) a material whose
main component 1s a mixture of one ol the foregoing
materials.

The low acoustic velocity film 328 1s a film such that the
acoustic velocity of a bulk wave in the low acoustic velocity
f1lm 328 1s lower than the acoustic velocity of a bulk wave
propagating through the piezoelectric layer 327 and 1s
between the piezoelectric layer 327 and the high acoustic
velocity support substrate 329. According to this structure
and the property that energy of an acoustic wave 1s focused
in a medium where the acoustic velocity 1s inherently low,
the leakage of surface acoustic wave energy to the outside of
the IDT electrode 1s reduced or prevented. The low acoustic
velocity film 328 1s, for example, a film whose main
component 1s silicon dioxide. The thickness of the low
acoustic velocity film 328 1s, for example, less than or equal
to about 2A where A 1s the wavelength of an acoustic wave
defined by the electrode pitch of the IDT electrode, and 1s
about 670 nm, for example.

According to the foregoing multilayer structure of the
substrate 320, it becomes possible to substantially increase
the Q factor at a resonant frequency and an anti-resonant
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frequency compared with a known structure in which a
single layer of a piezoelectric substrate 1s used. That 1s,
because a high Q factor surface acoustic wave resonator may
be obtained, 1t becomes possible to provide a filter having a
low 1nsertion loss using this surface acoustic wave resonator.

Note that the high acoustic velocity support substrate 329
may alternatively have a structure mm which a support
substrate and a high acoustic velocity film are stacked on top
of each other, the high acoustic velocity film being such that
the acoustic velocity of a bulk wave propagating there-
through 1s higher than the acoustic velocities of acoustic
waves such as a surface wave and a boundary wave propa-
gating through the piezoelectric layer 327. In this case, as the
support substrate, a piezoelectric body such as, for example,
lithium tantalate, lithium niobite, crystal, and the like, vari-
ous ceramics such as alumina, magnesia, silicon nitride,
aluminum nitride, silicon carbide, zirconia, cordierite, mul-
lite, steatite, forsterite, and the like, a dielectric body such as
glass, sapphire, and the like, a semiconductor such as
silicon, galllum nitride, and the like, and a resin substrate
and the like may be used. Further, for the high acoustic
velocity film, various high acoustic velocity materials such
as, for example, aluminum nitride, aluminum oxide, silicon
carbide, silicon nitride, silicon oxynitride, a DLC film,
diamond, a medium whose main component 1s one of the
foregoing materials, a medium whose main component 1s a
mixture of one of the foregoing materials, or the like may be
used.

Note that in the present preferred embodiment, an
example 1s described using the case where the IDT electrode
of the filter 12 1s provided on the substrate 320 including the
piezoelectric layer 327. However, the substrate on which the
IDT electrode 1s to be provided may alternatively be a
piezoelectric substrate including a single layer of the piezo-
clectric layer 327. The piezoelectric substrate 1n this case 1s
made of, for example, a piezoelectric single crystal of
L1Ta0O; or another piezoelectric single crystal such as
LiNbO; or the like.

Further, for the substrate on which the IDT electrode of
the filter 12 1s provided, beside one that 1s entirety 1s made
ol a piezoelectric layer, any structure 1n which a piezoelec-
tric layer 1s stacked on a support substrate may also be used
as long as the substrate includes a piezoelectric layer.

Further, the piezoelectric layer 327 according to the
foregoing present preferred embodiment uses 50° Y-cut
X-propagation L1TaO, single crystal. However, the cut angle
of a single crystal material 1s not limited thereto. That 1is,
depending on desired band pass characteristics of an acous-
tic wave filter device, the multilayer structure, the material,
and the thickness may be changed as needed, and even with
a surface acoustic wave filter that uses a LiTaO, piezoelec-
tric substrate having a cut angle other than the above, a
LiNbO; piezoelectric substrate, or the like, the same or
substantially the same advantageous eflects may be pro-
duced.

Here, electrode parameters of the IDT electrode of a
surface acoustic wave resonator will be described.

The wavelength of a surface acoustic wave resonator 1s
defined by a wavelength A, which 1s a repetition period of the
plurality of electrode fingers 322a or the plurality of elec-
trode fingers 3225 that forms the IDT electrode illustrated in
the middle part of FIG. 4. Further, the electrode pitch 1s %5
of the wavelength A and 1s defined as (W+S), where W 1s the
line width of the electrode fingers 322a and 3226 of the
comb-shaped electrodes 32a and 3256, and S 1s the space
width between the electrode finger 322a and the electrode
finger 322b, which are adjacent to each other. Further, as
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illustrated in the top portion of FIG. 4, the intersecting width
L of a pair of the comb-shaped electrodes 32a and 325 1s the
overlapping length of the electrode fingers when viewed
from the direction D of the electrode finger 322a and the
clectrode finger 322b. Further, the electrode duty of each
resonator 1s a line width share of the pluralities of electrode
fingers 322a and 3226 and 1s defined as W/(W+S), which 1s
a rat1o of the line width of the pluralities of electrode fingers
322a and 3225) to the sum of this line width and the space
width of the pluralities of electrode fingers 322a and 3225.

Note that in the above, an example 1s described using the
case where the series resonator S1 includes a slanted IDT.
However, the present preferred embodiment 1s not limited
thereto, and all of the series resonators and the parallel
resonators may include a slanted IDT, or only the series
resonators may include a slanted 1DT.

Further, 1n the above, an example 1s described using the
case where the series resonator S1 includes the oflset elec-
trode fingers. However, the present preferred embodiment 1s
not limited thereto, and all of the series resonators and the
parallel resonators may include one or more oflset electrode
fingers, or one or more of the resonators may include no
oflset electrode finger.

4. Resonator Structure in Filter According to Reference
Example

As described above, 1n a resonator including a slanted
IDT electrode portion, ripples may be produced near a
resonant frequency. Such ripples near a resonant frequency
may be reduced or prevented by using a resonator 1n which
variant fingers are used as electrode fingers in the slanted
IDT electrode portion. However, 1t 1s likely to have ripples
near an anti-resonant frequency.

In view of the above, first, for the series resonators S1 to
S4 of the filter 12 of FIG. 3, reference examples 1 to 4 are
set to compare characteristics. The reference examples 1 to
4 are each configured such that all of the electrode fingers
including the oflset electrode fingers are the variant finger or
all of the electrode fingers including the oflset electrode
fingers are not the variant finger.

FIGS. 5A and 5B are plan views of the IDT electrode of
the series resonators S1 to S4 of the filter 12 according to the
reference examples 1 to 4.

In the filters 12 according to the reference examples 1 to
4, 1n each of the series resonators S1 to S4, all of the
clectrode fingers 322a and 322) and the oflset electrode
fingers 323a and 3235 are either not the variant finger (FIG.
5A) or the variant finger (FIG. 3B). Here, the vanant finger
1s, of a plurality of electrode fingers, an electrode finger with
a wider electrode finger width at an end portion that 1s not
connected to a busbar electrode than the electrode finger
width at an electrode finger center portion (that 1s, having a
variant portion).

As 1llustrated 1n FIG. SA, 1n the resonator in which all of
the electrode fingers are not the vaniant finger, all of the
oflset electrode fingers 323al and the electrode fingers
322b1 are a second electrode finger such that the electrode
finger width at one end portion 1s less than or equal to the
clectrode finger width at a center portion. In this resonator,
all of the electrode fingers 322a and the offset electrode
fingers 3235 are also the second electrode finger (not 1llus-
trated).

On the other hand, as illustrated in FIG. 5B, in the
resonator 1n which all of the electrode fingers are the variant
finger, all of the offset electrode fingers 32342 and the
clectrode fingers 32252 include variant portions 3234 and
322d, respectively, and are a first electrode finger such that
the electrode finger width at one end portion 1s wider than
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the electrode finger width at a center portion. In this reso-
nator, all of the electrode fingers 322a and the offset elec-
trode fingers 3235 are also the first electrode finger (not

illustrated).
Table 1 indicates the arrangement of the resonators in
which all of the electrode fingers (including the oflset

clectrode fingers) are the variant finger 1n the reference
examples 1 to 4. In the following description, the shape of
an electrode finger (including an oflset electrode finger) that
does not include the variant portion 1s expressed by using the
phrase “the variant portion 1s removed”. This phrase 1s only
used to make a distinction between the shape of an electrode
finger that does not include the variant portion and the shape
of the variant finger, and does not limit the procedure of
fabrication. That 1s to say, the electrode finger in which a
variant portion 1s removed may be an electrode finger
tformed by patterning a shape that does not originally include
the variant portion.

Table 1 represents the removal ratio of variant portion for
cach resonator of the reference examples 1 to 4. In Table 1,
that the removal ratio of variant portion 1s 0% means that all
of the electrode fingers (including the offset electrode fin-
gers) ol a resonator are the vanant finger, and that the
removal ratio of variant portion 1s 100% means that all of the

clectrode fingers (including the oflset electrode fingers) of a
resonator do not include the variant portion.

TABLE 1
Removal ratio of Resonator  Resonator  Resonator Resonator
variant portion S4 S3 S2 S1

0%
0%
100%
0%

0%
100%
100%
100%

0%
0%
100%
0%

0%
0%
100%
100%

Reference example 1
Reference example 2
Reference example 3
Reference example 4

5. Characteristic Comparison of Quadplexer Using Filters
According to Reference Example

The band pass characteristics and the 1solation character-
istics of the quadplexers 1 (hereinatter, simply referred to as
reference examples 1 to 4) are described, 1n which the filters
of the respective reference examples 1 to 4 are used as the
filter 12.

First, the reference example 1 1s described.

FIG. 6 1s a graph illustrating examples of the band pass
characteristic between the individual terminal Port12 and the
common terminal Portl and the i1solation characteristic
between the individual terminal Portl2 and the individual
terminal Portll in the reference example 1.

Specifically, FIG. 6 illustrates the band pass characteristic
of a path that goes through the filter 12 (filter for Band 3'Tx)
and the 1solation characteristic between paths that go
through the filter 12 and the filter 11 (filter for Band 3Rx).
More specifically, FIG. 6 illustrates the msertion loss which

1s the ratio of the intensity of a signal output from the
common terminal Portl to the intensity of a signal mput to
the 1ndividual terminal Portl2 and the 1solation which i1s the
ratio of the intensity of a signal output from the individual
terminal Portll to the intensity of a signal input to the
individual terminal Port12.

In both of the band pass characteristic and the i1solation
characteristic illustrated 1n FIG. 6, ripples are observed 1n a
high frequency end region of the reception band (Band 3Rx)
of Band 3. These ripples coincide in frequency with ripples
near an anti-resonant frequency (not illustrated) in the
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characteristic of the filter 12 of the reference example 1
alone. Therefore, 1t 1s clear that these ripples are caused by

the filter 12.

As described above, the use of the filter 12 1n which all of
the electrode fingers (including the oflset electrode fingers)
of all of the resonators are the variant finger i1n the
quadplexer 1 may cause degradation 1n characteristics of a
pass band 1n another filter (for example, the filter 11).

FIG. 7A 1s an enlarged graph illustrating an example of
the 1solation characteristic between the individual terminal
Portl2 and the individual terminal Portll in the reference
examples 1 to 4.

FIG. 7B 1s an enlarged graph illustrating an example of
the energy loss between the individual terminal Portl2 and
the common terminal Portl in the reference examples 1, 3,
and 4. Here, the energy loss means power consumption 1n a
path, which 1s obtained by removing matching loss from
passage loss.

Contrary to the reference example 1, 1n the reference
example 3, the varnant portion 1s removed from all of the
clectrode fingers (including the oflset electrode fingers) of
all of the resonators 1n the filter 12. In the reference example
3, although ripples 1n the 1solation characteristic in a high
frequency end region of Band 3Rx are small, the energy loss
in Band 3Tx 1s large.

Further, in the reference example 2, 1n the filter 12, the
variant portion 1s removed from all of the electrode fingers
(including the oilset electrode fingers) of the series resonator
S2, and all of the electrode fingers (including the oflset
clectrode fingers) of the series resonators S1, S3, and S4
include the variant portion. In the reference example 2, 1n the
1solation characteristic, ripples of the same or substantially
the same level as 1n the reference example 1 are produced in
a high frequency end region of Band 3Rx.

Further, 1n the reference example 4, 1 the filter 12, the
variant portion 1s removed from all of the electrode fingers
(including the offset electrode fingers) of the series resona-
tors S2 and S4, and all of the electrode fingers (including the
oflset electrode fingers) of the series resonators S1 and S3
include the varnant portion. In the reference example 4,
although nipples 1n the 1solation characteristic 1n a high
frequency end region of Band 3Rx are similarly small as 1n
the reference example 3, the energy loss in Band 371X 1s
larger compared with the reference example 1.

As described above, the 1ssue of the reference example 1
may not be resolved by the reference example 2 in which the
removal ratio of variant portion 1s set to 100% only in one
of the series resonators (here, the series resonator S2), and
the same 1ssue as 1n the reference example 3 arises in the
reference example 4 1n which the removal ratio of variant
portion 1s set to 100% 1n two of the series resonators (here,
the series resonators S2 and S4).

That 1s to say, an excellent characteristic in both of the
loss 1n a pass band and the ripples near an anti-resonant
frequency may not be achieved by setting the removal ratio
of variant portion to 0% (no removal) or 100% (complete
removal) 1 each resonator.

6. Configuration of Filter According to Working Example

In view of the above, the mventors of preferred embodi-
ments of the present mvention studied a configuration in
which the removal ratio of vanant portion 1s set to an
intermediate value which 1s greater than 0% and less than
100% (1in other words, thinming the variant portions) in the
series resonators S1 and S3 and to 0% (no removal) in the
series resonators S2 and S4. Specifically, filters 1n which the
removal ratio of variant portion in both of the series reso-
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nators S1 and S3 1s about 30%, about 50%, and about 75%
are defined as working examples 1, 2, and 3, respectively.

In the working examples 1, 2, and 3, the series resonators
S2 and S4 are examples of the second series resonator
including the first electrode fingers each including the vari-
ant portion, and the series resonators S1 and S3 are examples
of the first series resonator including the first electrode
fingers each including the variant portion and the second
clectrode fingers including no variant portion.

Note that 1n the working examples 1 and 2, for ease of
explanation, it 1s assumed that the second series resonator
(series resonators S2 and S4) include only the first electrode
fingers (the removal ratio 1s 0%). However, the present
preferred embodiment 1s not limited thereto, and the second
series resonator may alternatively include, for example,
several second electrode fingers.

FIGS. 8A to 8C are plan views 1llustrating examples of the
IDT electrode of the series resonators S1 and S3 in the filters
12 according to the working examples 1, 2 and 3 of a
preferred embodiment of the present invention, respectively,
and each 1illustrate the configuration illustrated in FIGS. 5A
and 5B 1n a simpler form for the entirety of the comb-shaped
clectrodes 32a and 3254. FIGS. 8A to 8C illustrate examples
of the arrangement of the variant portions 3224 and 3234, 1n
which the removal ratios of variant portion are about 30%,
about 50%, and about 75%., respectively. Here, the removal
ratio of variant portion 1s a ratio of the electrode fingers and
the ofiset electrode fingers that do not include the varnant
portion to all of the electrode fingers and the oflset electrode
fingers of the IDT electrode.

In all of the examples of FIGS. 8A to 8C, the vanant
portion 1s not removed 1n a first portion Al that 1s centrally
located 1n the IDT electrode in the acoustic wave propaga-
tion direction, and the variant portion 1s removed 1n a second
portion A2 and a third portion A3 that are located on the two
sides of the first portion Al 1n the acoustic wave propagation
direction. That 1s, the first portion Al includes only the first
clectrode fingers (variant fingers), and the second portion A2
and the third portion A3 include only the second electrode
fingers (fingers having no variant portion). The second
portion A2 and the third portion A3 are each a portion of the
IDT electrode sandwiched between the first portion A1 and
the retlector 32c.

In the example of FIG. 8A, the variant portion 1s removed
from five electrode fingers (about 15% of a total of 32
clectrode fingers) 1n each of the second portion A2 and the
third portion A3. Thus, the removal ratio of variant portion
in the IDT electrode as a whole 1s about 30%. In FIG. 8B,
the variant portion 1s removed from eight electrode fingers
(about 25%) 1n each of the second portion A2 and the third
portion A3. Thus, the removal ratio of variant portion 1n the
IDT electrode as a whole 1s about 50%. In FIG. 8C, the
variant portion 1s removed from twelve electrode fingers
(about 37.5%) 1 each of the second portion A2 and the third
portion A3. Thus, the removal ratio of variant portion in the
IDT electrode as a whole 1s about 75%.

7. Characteristic Comparison of Quadplexer Using Filters
According to Working Example

Next, the band pass characteristics and the 1solation
characteristics of quadplexers 1 (hereinafter, simply referred
to as working examples 1, 2, and 3) that include the
respective filters according to the working examples 1, 2,
and 3 as the filter 12 are described.

FIG. 9A 1s a graph illustrating examples of the band pass
characteristic between the individual terminal Portl2 and the
common terminal Portl in the working examples 1, 2, and
3 comparing with the reference examples 1 and 4. Specifi-




US 11,863,162 B2

15

cally, FIG. 9A 1illustrates the band pass characteristic of a
path that goes through the filter 12 (filter for Band 3TXx).
More specifically, FIG. 9A illustrates the insertion loss
which 1s the ratio of the intensity of a signal output from the

Removal ratio
ol variant portion

Reference example 1
Reference example 4
Working example 1
Working example 2
Working example 3

common terminal Portl to the mtensity of a signal mput to
the 1individual terminal Portl2.

FIG. 9B 1s a graph illustrating examples of the 1solation
characteristic between the individual terminal Portl2 and the
individual terminal Port11 in the working examples 1, 2, and
3 comparing with the reference examples 1 and 4. Specifi-

cally, F1G. 9B 1llustrates the 1solation characteristic between
paths that go through the filter 12 and the filter 11 (filter for
Band 3Rx). More specifically, FIG. 9B illustrates the 1sola-

tion which 1s the ratio of the intensity of a signal output from
the individual terminal Portll to the intensity of a signal
input to the individual terminal Portl2.

FIG. 9C 1s a graph illustrating examples of the energy loss
between the mdividual terminal Portl2 and the common
terminal Portl in the working examples 1, 2, and 3 com-
paring with the reference examples 1 and 4. Specifically,
FIG. 9C 1llustrates the band pass characteristic of a path that
goes through the filter 12 (filter for Band 3Tx). More
specifically, FIG. 9C illustrates the power consumption 1n
the path, which 1s obtained by removing matching loss from
the insertion loss which 1s the ratio of the intensity of a signal
output from the common terminal Portl to the intensity of a
signal mput to the individual terminal Portl2.

As shown 1n FIGS. 9A to 9C, large ripples are produced
in the 1solation characteristic 1n a high frequency end region
of a band of Band 3Rx 1n the reference example 1, and the
insertion loss increases 1 a band of Band 3Tx 1n the
reference example 4. The increase 1n the 1nsertion loss 1n the
band of Band 3Tx 1n the reference example 4 1s caused by
the series resonators S1 and S3.

The nipples produced 1n the isolation characteristic i a
high frequency end region of the band of Band 3Rx are the
largest (worst) 1n the reference example 1 and become
gradually smaller (better) 1n the working example 1, the
working example 2, the working example 3, and the refer-
ence example 4 1n this order. Further, the isertion loss and
the energy loss 1n the band of Band 3Tx are both the largest
(worst) 1n the reference example 4 and become gradually
smaller (better) 1n the working example 3, the working
example 2, the working example 1, and the reference
example 1 in this order.

This result 1s summarized 1n Table 2 using the ripples
produced 1n the 1solation characteristic of the reference
example and the 1nsertion loss of the reference example 1 as
the references of the ripples and the 1nsertion loss.

As summarized in Table 2, the ripples produced in the
1solation characteristic are large in the reference example 1,
and the insertion loss 1s large 1n the reference example 4.
Thus, these reference examples may not provide an excellent
characteristic 1 both the 1solation characteristic and the
insertion loss. In contrast, having smaller ripples compared
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with the reference example 1 and smaller insertion loss
compared with the reference example 4, the working
examples 1, 2, and 3 provide an excellent characteristic 1n
both the 1solation characteristic and the insertion loss.

TABLE 2
Resonator Resonator Resonator Resonator Insertion
S4 S3 S2 S1 Ripples loss
0% 0% 0% 0% X ©
0% 100% 0% 100% © X
0% 30% 0% 30% @ O
0% 50% 0% 50% @ O
0% 75% 0% 75% @ O

From this result, 1t 1s possible to provide a filter with both
smaller ripples and smaller insertion loss by configuring one
or more series resonators of a plurality of series resonators
of the filter 1n such a manner to provide the first portion of
the IDT electrode centrally located in the acoustic wave
propagation direction only using the first electrode fingers
and provide the second portion and the third portion
arranged on the two sides of the first portion only using the
second electrode fingers.

The series resonator in which the first portion of the IDT
clectrode including only the first electrode fingers and the
second portion and the third portion including only the
second electrode fingers may be used as, of a plurality of
series resonators forming a filter, a series resonator that 1s
not the series resonator having the lowest anti-resonant
frequency (that 1s, the resonator that steepens end regions of
a pass band of the filter). This provides a filter having an
excellent feature for both the ripples near an anti-resonant
frequency and the 1nsertion loss without losing steepness 1n
the band pass characteristic of the filter.

8. Configuration of Filter According to Modified Example

In the first preferred embodiment, an example 1s described
using the configuration in which the first filter (the filter 12
in the first preferred embodiment) includes only a ladder
filter structure. However, the first filter may include, 1n
addition to a ladder filter structure, a longitudinally coupled
filter structure. In view of this, in the present modified
example of the first preferred embodiment, a quadplexer
including a first filter having such a filter structure 1is
described. Note that of a plurality of {filters included 1n the
quadplexer, filters other than the first filter have the same or
substantially the same configurations as those in the first
preferred embodiment, and thus the description thereof 1s
omitted.

FIG. 10 1s a circuit configuration diagram of a filter 12A
(first filter) according to a modified example of the first
preferred embodiment.

As 1llustrated 1n FIG. 10, the filter 12A includes series
resonators S6 and S7, parallel resonators PS5 and P6, and a
longitudinally coupled resonator S5. That 1s to say, the filter
12A 1s a filter 1n which the longitudinally coupled resonator
S5 1s added to a ladder filter structure.

The longitudinally coupled resonator S5 has a longitudi-
nally coupled filter structure between the common terminal
Portl and the individual terminal Portl2. In the present
preferred embodiment, the longitudinally coupled resonator
S5 1s on the individual terminal Portl2 side of the series
resonator S6 and includes, for example, nine IDTs and
reflectors on both sides thereof. Note that the location where
the longitudinally coupled resonator S5 1s to be provided 1s
not limited to the above, and may be, for example, between
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the series resonator S7 and the series resonator S6 or on the
common terminal Portl side of the series resonator S7.

Even with the quadplexer including the first filter (in the
present modified example, the filter 12A) configured as
described above, as 1s the case with the first preferred
embodiment, 1t 1s possible to provide a filter having an
excellent feature for both the ripples near an anti-resonant
frequency and the insertion loss by providing the first
clectrode fingers and the second electrode fingers 1n the
same or substantially the same sequence in the first portion
and the second portion of the IDT electrode 1n at least one
of the series resonators S6 and S7.

The series resonator in which the first electrode fingers
and the second electrode fingers are arranged in the same or
substantially the same sequence 1n the first portion and the
second portion of the IDT electrode may be used as, of the
series resonators S6 and S7, a series resonator that 1s not the
series resonator having the lowest anti-resonant frequency
(that 1s, the resonator that defines an end region of a pass
band of the filter). This enables a filter having an excellent
teature for both the ripples near an anti-resonant frequency
and the insertion loss without losing steepness 1n the band
pass characteristic of the filter.

Further, the filter 12A according to the present preferred
embodiment enables adjustment of the filter characteristic to
a preferable characteristic such as improved attenuation and
the like by providing the longitudinally coupled filter struc-
ture.

Second Preterred Embodiment

The quadplexers according to the first preferred embodi-
ment and the modified example described above are appli-
cable to a radio frequency front-end circuit, and further to a
communication device including this radio frequency front-
end circuit. Therefore, 1n the present preferred embodiment,
such a radio frequency front-end circuit and a communica-
tion device are described.

FIG. 11 1s a configuration diagram of a radio frequency
front-end circuit 30 according to a preferred embodiment 2.
Note that FIG. 11 also illustrates elements (e.g., an antenna
2, a RF signal processing circuit (RFIC) 3, and a base band
signal processing circuit (BBIC) 4) connected to the radio
frequency front-end circuit 30. The radio frequency front-
end circuit 30, the RF signal processing circuit 3, and the
base band signal processing circuit 4 define a communica-
tion device 40.

The radio frequency {front-end circuit 30 includes a
quadplexer 1 according to the first preferred embodiment, a
reception side switch 13 and a transmission side switch 23,
a low noise amplifier circuit 14, and a power amplifier
circuit 24.

The reception side switch 13 1s a switch circuit including
two selection terminals respectively connected to the indi-
vidual terminals Portll and Port21, which are reception
terminals of the quadplexer 1, and a common terminal
connected to the low noise amplifier circuit 14.

The transmission side switch 23 1s a switch circuit includ-
ing two selection terminals respectively connected to the
individual terminals Port12 and Port22, which are transmis-
sion terminals of the quadplexer 1, and a common terminal
connected to the power amplifier circuit 24.

Each of the reception side switch 13 and the transmission
side switch 23 connects the common terminal to a signal
path corresponding to a predetermined band 1n response to
a control signal from a controller (not 1llustrated) and 1s, for
example, a SPDT (single pole double throw) switch. Note
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that the selection terminal to be connected to the common
terminal 1s not limited to one terminal, and a plurality of

selection terminals may alternatively be connected to the
common terminal. That 1s, the radio frequency front-end
circuit 30 may be compatible with carrier aggregation.

The low noise amplifier circuit 14 1s a reception amplifier
circuit that amplifies a radio frequency signal (here, a
received radio frequency signal) that goes through the
antenna 2, the quadplexer 1, and the reception side switch 13
and outputs to the RF signal processing circuit 3.

The power amplifier circuit 24 1s a transmission amplifier
circuit that amplifies a radio frequency signal (here, a
transmitting radio frequency signal) output from the RF
signal processing circuit 3 and outputs to the antenna 2 via
the transmission side switch 23 and the quadplexer 1.

The RF signal processing circuit 3 performs signal pro-
cessing on the recerved radio frequency signal mput from
the antenna 2 via a reception signal path using down-
converting and the like, for example, and outputs a reception
signal generated by this signal processing to the base band
signal processing circuit 4. Further, the RF signal processing,
circuit 3 performs signal processing on a transmission signal
input from the base band signal processing circuit 4 using
up-converting and the like, for example, and outputs a
transmitting radio frequency signal generated by this signal
processing to the power amplifier circuit 24. The RF signal
processing circuit 3 1s, for example, a RFIC.

The signal processed 1in the base band signal processing
circuit 4 1s used, for example, as an 1image signal for image
display or as an audio signal for call.

Note that the radio frequency front-end circuit 30 may
include other circuit elements between the elements
described above.

According to the radio frequency front-end circuit 30 and
the communication device 40 configured as described
above, 1t becomes possible to provide an excellent charac-
teristic for both the ripples 1n the 1solation characteristic and
the passage loss by including the quadplexer 1 according to
the first preferred embodiment.

Note that instead of a quadplexer according to the first
preferred embodiment, the radio frequency front-end circuit
30 may include the quadplexer 1 according to the modified
example of the first preferred embodiment.

Further, depending on the processing system of a radio
frequency signal, the communication device 40 may not

need to include the base band signal processing circuit
(BBIC) 4.

Other Preterred Embodiments

The filters, the multiplexers, the radio frequency front-end
circuits, and the communication devices according to the
preferred embodiments of the present invention have been
described using the preferred embodiments and the modified
example thereof. However, other preferred embodiments
obtained by combining optional elements of the foregoing
preferred embodiments and the modified example described
above, modified examples obtained by applying various
modifications apparent to those skilled in the art to the
foregoing preferred embodiments without departing the
scope of the present mvention, and various devices 1nclud-
ing a radio frequency front-end circuit or a communication
device according to preferred embodiments of the present
invention may also be included in the present invention.

For example, in the foregoing description, the quadplexer
1s used as an example of the multiplexer. However, the
present invention 1s also applicable to, for example, a
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triplexer 1n which antenna terminals of three filters are
connected to a common terminal, or a hexaplexer in which
antenna terminals of six filters are connected to a common
terminal. That 1s, the multiplexer may only need to include
two or more filters.

Further, the configuration of the multiplexer 1s not limited
to the configuration that includes both the transmission filter
and the reception filter and may alternatively have a con-
figuration that includes only the transmission filter or only
the reception filter.

Further, 1n the first preferred embodiment, 1t 1s described
that the filter 12 corresponds to the first filter and the filter
11 1s the second filter. That 1s, 1n the first preferred embodi-
ment, the first filter and the second filter are the transmission
filter and the reception filter, respectively. However, the
present invention may be applied to any multiplexers with-
out being limited by the usage and the like of the first filter
and the second filter, as long as stop band ripples of the first
filter are located 1n a pass band of the second filter. Accord-
ingly, the first filter and the second filter may both be a
transmission filter.

As described above, a filter according to a preferred
embodiment of the present mvention includes a pair of
input/output terminals, and one or more series resonators on
a signal path connecting the pair of input/output terminals,
wherein each of the one or more series resonators icludes
an IDT electrode including a pair of comb-shaped electrodes
on a substrate including a piezoelectric layer, each of the pair
of comb-shaped electrodes included 1n each of the one or
more series resonators includes a plurality of electrode
fingers extending 1n a direction orthogonal or substantially
orthogonal to an acoustic wave propagation direction, and a
busbar electrode connecting one-side end portions of respec-
tive ones ol the plurality of electrode fingers, the IDT
clectrode of each of the one or more series resonators 1s
defined by first electrode fingers, second electrode fingers, or
both the first electrode fingers and the second electrode
fingers, the first electrode finger being one of the plurality of
clectrode fingers and having a wider electrode finger width
at an another-side end portion thereof than an electrode
finger width at a center portion thereot, the second electrode
finger being one of the plurality of electrode fingers and
having a narrower or equal electrode finger width at an
another-side end portion thereof than an electrode finger
width at a center portion thereof, the one or more series
resonators includes one or more first series resonator, 1n the
IDT electrode of each of the one or more first series
resonators, a direction connecting the another-side end por-
tions of respective ones of the plurality of electrode fingers
crosses the acoustic wave propagation direction, and a {first
portion of the IDT electrode of each of the one or more first
series resonators includes only the first electrode fingers, and
a second portion and a third portion include only the second
clectrode fingers, the first portion being centrally located 1n
the acoustic wave propagation direction, the second portion
and the third portion being located on two sides of the first
portion 1n the acoustic wave propagation direction.

According to this, the first electrode fingers (vanant
fingers) and the second electrode fingers (electrode fingers
including no variant portion) are provided mm a mixed
manner 1n the IDT electrode of the first series resonator of
the filter. Because of this, the ripples near an anti-resonant
frequency that are likely to increase 1n the case where the
first electrode finger 1s used for all of the electrode fingers
and the ripples near a resonant frequency that are likely to
increase i1n the case where the second electrode finger 1s used
tor all of the electrode fingers are both reduced or prevented.
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As a result, 1t becomes possible to provide a filter that
reduces or prevents both the ripples near a resonant ire-
quency and the ripples near an anti-resonant frequency.

Further, the one or more series resonator may further
include one or more second series resonators on the signal
path connecting the pair of input/output terminals, and the
IDT electrode that defines each of the one or more second
series resonators may include the first electrode fingers.

Further, each of the one or more first series resonators
may be used as a series resonator that is not the series
resonator having a lowest anti-resonant frequency.

Because of this, the first electrode fingers and the second
clectrode fingers are mixed 1n a series resonator that 1s not
the series resonator having the lowest anti-resonant fre-
quency, that 1s, the series resonator that provides steepness
in a pass band end region of the filter. As a result, 1t becomes
possible to provide a filter having an excellent feature for
both the ripples near an anti-resonant frequency and the
isertion loss without losing steepness in the band pass
characteristic of the filter.

Further, the filter may further include one or more parallel
resonators on one or more paths that connect the signal path
to ground and may have a ladder filter structure.

This enables adjustment of the filter characteristic to a
preferable characteristic, such as less loss property and the
like.

Further, a longitudinally coupled filter structure on the
signal path may be included.

This enables adjustment of the filter characteristic to a
preferable characteristic such as enhanced attenuation and
the like.

Further, the substrate may include a piezoelectric layer 1n
which the IDT electrode 1s provided on one of principal
surfaces of the piezoelectric layer, a high acoustic velocity
support substrate 1n which acoustic velocity of a bulk wave
propagating through the high acoustic velocity support sub-
strate 1s higher than acoustic velocity of an acoustic wave
propagating through the piezoelectric layer, and a low
acoustic velocity film in which acoustic velocity of a bulk
wave propagating through the low acoustic velocity film 1s
lower than acoustic velocity of a bulk wave propagating
through the piezoelectric layer, the low acoustic velocity
film being provided between the high acoustic velocity
support substrate and the piezoelectric layer.

This enables the Q factor of each resonator 111C1ud111g the
IDT electrode provided on the substrate including the piezo-
clectric layer to be maintained at a high value.

Further, a multiplexer according to a preferred embodi-
ment of the present invention includes a common terminal,
a first terminal, and a second terminal, a first filter on a first
path connecting the common terminal and the first terminal,
and a second filter on a second path connecting the common
terminal and the second terminal, a pass band of the second
filter being higher 1n frequency than a pass band of the first
filter, wherein the first filter 1s the filter described above.

This enables the multiplexer having an excellent feature
in both the insertion loss 1n the second path and the 1solation
between the first terminal and the second terminal to be
provided.

Further, a pass band of the first filter may be an uplink
frequency band 1n Band 3 of LTE (Long Term Evolution),
and a pass band of the second filter may be an uplink
frequency band 1n Band 1 of LTE.

In the case where a pass band of the first filter 1s the uplink
frequency band 1in Band 3 of LTE and a pass band of the
second filter 1s an uplink frequency band in Band 1 of LTE,
ripples 1n the pass band of the second filter are likely to
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increase. This enables reduction or prevention of an increase
of the ripples etl

ectively by configuring the series resonator
closest to the common terminal of the first filter so as to
satisiy the condition described above.

Further, a radio frequency front-end circuit according to a
preferred embodiment of the present invention includes any
one of the multiplexers described above, and an amplifier
circuit connected to the multiplexer.

This enables the radio frequency front-end circuit that
enables reduction or prevention of ripples 1n a pass band to
be provided.

Further, a communication device according to a preferred
embodiment of the present invention includes an RF signal
processing circuit that performs processing on a radio fre-
quency signal being transmitted or recerved by an antenna,
and the foregoing radio frequency front-end circuit that
transmits a radio frequency signal between the antenna and
the RF signal processing circuit.

This enables to provide the communication device that
enables reduction or prevention of ripples 1n a pass band.

Preferred embodiments of the present invention may be
widely used 1 communication equipment such as cellular
phones and the like, for example, as a filter, a multiplexer,
a front-end circuit, and a communication device, which are
applicable to multiband systems.

While preferred embodiments of the present invention
have been described above, it 1s to be understood that
variations and modifications will be apparent to those skilled
in the art without departing from the scope and spirit of the
present invention. The scope of the present invention, there-
fore, 1s to be determined solely by the following claims.

What 1s claimed 1is:

1. A filter comprising:

a pair of mput/output terminals; and

one or more series resonators on a signal path connecting,
the pair of input/output terminals; wherein

cach of the one or more series resonators includes an IDT
clectrode including a pair of comb-shaped electrodes
on a substrate icluding a piezoelectric layer;

cach of the pair of comb-shaped electrodes included in
cach of the one or more series resonators includes:

a plurality of electrode fingers extending in a direction
orthogonal or substantially orthogonal to an acoustic
wave propagation direction; and

a busbar electrode connecting one-side end portions of
respective ones of the plurality of electrode fingers;

the IDT electrode of each of the one or more series
resonators includes first electrode fingers, second elec-
trode fingers, or both the first electrode fingers and the
second electrode fingers, the first electrode fingers
having a wider electrode finger width at an another-side

end portion thereof than an electrode finger width at a

center portion thereol, the second electrode fingers

having a narrower or equal electrode finger width at an
another-side end portion thereof than an electrode
finger width at a center portion thereof;

the one or more series resonators mcludes one or more
first series resonators:

in the IDT electrode of each of the one or more first series
resonators, a direction connecting the another-side end
portions of respective ones of the plurality of electrode
fingers crosses the acoustic wave propagation direc-
tion; and

a first portion of the IDT electrode of each of the one or
more first series resonators includes only the first
clectrode fingers, and a second portion and a third
portion include only the second electrode fingers, the
first portion being centrally located in the acoustic
wave propagation direction, the second portion and the
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third portion being located on two sides of the first
portion 1n the acoustic wave propagation direction.

2. The filter according to claim 1, wherein

the one or more series resonators further include one or
more second series resonators on the signal path con-
necting the pair of input/output terminals; and

the IDT electrode of each of the one or more second series

resonators ncludes the first electrode fingers.
3. The filter according to claim 1, wherein each of the one

or more {irst series resonators 1s a series resonator that does
not have a lowest anti-resonant frequency.

4. The filter according to claim 1, further comprising:

one or more parallel resonators on one or more paths that

connect the signal path to ground; wherein

the filter has a ladder filter structure.

5. The filter according to claim 1, further comprising a
longitudinally coupled filter structure on the signal path.

6. The filter according to claim 1, wherein

the substrate includes:

a piezoelectric layer 1n which the IDT electrode 1s on
one of principal surfaces of the piezoelectric layer;
a high acoustic velocity support substrate 1n which an
acoustic velocity of a bulk wave propagatmg through
the high acoustic velocity support substrate 1s higher
than an acoustic velocity of an acoustic wave propa-
gating through the plezoelectrlc layer; and
a low acoustic velocity film 1n which an acoustic
velocity of a bulk wave propagating through the low
acoustic velocity film 1s lower than the acoustic
velocity of a bulk wave propagating through the
piezoelectric layer, the low acoustic velocity film
being between the high acoustic velocity support
substrate and the piezoelectric layer.

7. A multiplexer comprising;:

a common terminal, a first terminal, and a second termi-

nal;

a first filter on a first path connecting the common

terminal and the first terminal; and

a second filter on a second path connecting the common

terminal and the second terminal, a pass band of the
second filter being higher 1n frequency than a pass band
of the first filter; wherein

the first filter 1s the filter according to claim 1.

8. The multiplexer according to claim 7, wherein

a pass band of the first filter 1s an uplink frequency band

in Band 3 Long Term Evolution (LTE),

a pass band of the second filter 1s a downlink frequency

band 1n Band 3 of LTE.

9. A radio frequency front-end circuit comprising:

the multiplexer according to claim 7; and

an amplifier circuit connected to the multiplexer.

10. A communication device comprising:

an RF signal processing circuit to perform processing on

a radio frequency signal being transmitted or received
by an antenna; and

the radio frequency front-end circuit according to claim 9,

the radio frequency front-end circuit transmitting a
radio frequency signal between the antenna and the RF
signal processing circuit.

11. The filter according to claim 2, wherein each of the
one or more first series resonators 1s a series resonator that
does not have a lowest anti-resonant frequency.

12. The filter according to claim 2, further comprising:

one or more parallel resonators on one or more paths that

connect the signal path to ground; wherein

the filter has a ladder filter structure.

13. The filter according to claim 3, further comprising:

one or more parallel resonators on one or more paths that

connect the signal path to ground; wherein

the filter has a ladder filter structure.
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14. The filter according to claim 2, further comprising a
longitudinally coupled filter structure on the signal path.
15. The filter according to claim 3, further comprising a
longitudinally coupled filter structure on the signal path.
16. The filter according to claim 4, further comprising a
longitudinally coupled filter structure on the signal path.
17. The filter according to claim 2, wherein
the substrate includes:
a piezoelectric layer 1n which the IDT electrode 1s on
one of principal surfaces of the piezoelectric layer;
a high acoustic velocity support substrate 1n which an
acoustic velocity of a bulk wave propagating through
the high acoustic velocity support substrate 1s higher
than an acoustic velocity of an acoustic wave propa-
gating through the plezoelectrlc layer; and
a low acoustic velocity film 1n which an acoustic
velocity of a bulk wave propagating through the low
acoustic velocity film 1s lower than the acoustic
velocity of a bulk wave propagating through the
piezoelectric layer, the low acoustic velocity film
being between the high acoustic velocity support
substrate and the piezoelectric layer.
18. The filter according to claim 3, wherein
the substrate includes:
a piezoelectric layer 1n which the IDT electrode 1s on
one of principal surfaces of the piezoelectric layer;
a high acoustic velocity support substrate 1n which an
acoustic velocity of a bulk wave propagating through
the high acoustic velocity support substrate 1s higher
than an acoustic velocity of an acoustic wave propa-
gating through the plezoelectrlc layer; and
a low acoustic velocity film 1 which an acoustic
velocity of a bulk wave propagating through the low
acoustic velocity film 1s lower than the acoustic
velocity of a bulk wave propagating through the
piezoelectric layer, the low acoustic velocity film
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being between the high acoustic velocity support
substrate and the piezoelectric layer.
19. The filter according to claim 4, wherein
the substrate includes:
a piezoelectric layer 1n which the IDT electrode 1s on
one of principal surfaces of the piezoelectric layer;
a high acoustic velocity support substrate 1n which an

acoustic velocity of a bulk wave propagating through
the high acoustic velocity support substrate 1s higher
than an acoustic velocity of an acoustic wave propa-
gating through the piezoelectric layer; and
a low acoustic velocity film 1n which an acoustic
velocity of a bulk wave propagating through the low
acoustic velocity film 1s lower than the acoustic
velocity of a bulk wave propagating through the
piezoelectric layer, the low acoustic velocity film
being between the high acoustic velocity support
substrate and the piezoelectric layer.
20. The filter according to claim 5, wherein
the substrate includes:
a piezoelectric layer 1n which the IDT electrode 1s on
one of principal surfaces of the piezoelectric layer;
a high acoustic velocity support substrate 1n which an
acoustic velocity of a bulk wave propagatmg through
the high acoustic velocity support substrate 1s higher
than an acoustic velocity of an acoustic wave propa-
gating through the plezoelectrlc layer; and
a low acoustic velocity film 1n which an acoustic
velocity of a bulk wave propagating through the low
acoustic velocity film 1s lower than the acoustic
velocity of a bulk wave propagating through the
piczoelectric layer, the low acoustic velocity film
being between the high acoustic velocity support
substrate and the piezoelectric layer.
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